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Abstract
Experimental measurements of the products of ﬁssion reactions are generally biased by evaporation stages before and after the
ﬁssion process. Its complexity needs as many observables as possible to check the present models and reveal new correlations.
Fully identiﬁed ﬁssion fragments and their velocities can provide new information as well as be a probe for current descriptions
and models. By means of momentum conservation, the measured velocities provide information on mass, total kinetic energy, and
geometrical conﬁguration at scission.
c© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the European Commission, Joint Research Centre – Institute for Reference Materials and
Measurements.
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1. Introduction
In nuclear ﬁssion, the bulk properties of nuclear matter, together with the structure of the fragments and of the
ﬁssioning system, inﬂuence the characteristics of the experimental observables, which are then used to describe the
mechanism of the ﬁssion. As an example, mass distributions showed the appearance of a relatively constant heavy
fragment in asymmetric splits, which pointed to a possible eﬀect of nuclear shells in the formation of the fragments
by means of distinctive ﬁssion modes [Turkevich and Niday (1951); Bocquet and Brissot (1989); Brosa et al. (1990)].
Years later, the use of inverse kinematics allowed the determination of the atomic number distribution of the fragments
[Schmidt et al. (2000); Bo¨ckstiegel et al. (2008)], as well as the measurement of the Total Kinetic Energy (TKE). The
study of these observables led to the identiﬁcation of ﬁssion modes governed by speciﬁc atomic numbers and it gave
hints on the scission conﬁguration. More recently, the use of inverse kinematics in fusion- and transfer-induced
ﬁssion provided f ully characterized ﬁssioning systems together with measured distributions of isotopically identiﬁed
fragments [Caaman˜o et al. (2013)], and their velocities. This paper details the procedure used with this experimental
data to extract information on fragment mass, TKE, fragment deformation, and length of the neck, all at the scission
point.
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Fig. 1. The mean velocity in the reference frame of the ﬁssioning system is shown for all isotopically identiﬁed fragments from ﬁssion of 240Pu
(left panels) and 250Cf (right panels). The error bars correspond to the width of the velocity distribution of each isotope.
2. Fission velocities
The ﬁssioning systems studied in this work were formed through reactions between a 238U at 6.1 AMeV and a 12C
target at GANIL (France). If an inelastic or a transfer reaction is produced, a projectile-like scattered and a target-like
recoil emerge from the collision. In this case, the recoil nucleus is detected in a ring-shaped dE − E telescope, where
it is identiﬁed and its energy and angle are measured (see, for example, Rodrı´guez et al. (2014)). In the event of a
fusion reaction, no recoil is produced. In both cases, when the projectile-like system undergoes ﬁssion, the emitted
fragments pass through the inner hole of the dE−E telescope. One of the fragments enters the variable mode VAMOS
spectrometer, where it is fully identiﬁed and its energy, angle, and velocity are measured [Caaman˜o et al. (2013)]. In
the case of binary reactions, the Z, A, velocity, and angle of the ﬁssioning system are fully characterised from the
kinematics of the target-like recoil, whereas in the case of fusion-ﬁssion channels, the result is always 250Cf with a
well-determined velocity and 45 MeV of excitation energy. This work focuses on the study of 240Pu produced in
2-proton transfer reactions and 250Cf from the fusion-ﬁssion channel.
The knowledge of the kinematic properties of the ﬁssioning system allows the transformation of the fragment
velocities from the laboratory frame to the reference frame of the ﬁssioning system. Panels on Fig. 1 show the mean
velocity and width in the reference frame of the ﬁssioning systems for isotopically identiﬁed fragments from 240Pu and
250Cf. Figure 2 shows the mean velocity 〈V〉(Z) and width 〈σV〉(Z) of each fragment Z for both ﬁssioning systems.
〈V〉 (Z) =
∑
A
V(Z,A) Y(A,Z)∑
A
Y(A,Z) ; 〈σV〉 (Z) =
∑
A
σV (Z,A) Y(A,Z)∑
A
Y(A,Z) (1)
3. Mass at scission
Due to momentum conservation, there exists a relation between the fragment velocities V in the reference frame
of the ﬁssioning system and their mass at scission A∗ (see, for example, Britt et al. (1963)): (Vγ)1A∗1 = (Vγ)2A
∗
2,
with γ = (1 − (V/c)2)−1/2. In the present work, one fragment per ﬁssion is measured and both ﬁssioning systems are
produced with an excitation energy that prevents proton evaporation. Therefore, for a ﬁssioning system with atomic
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Fig. 2. (Color online) Mean velocity 〈V〉 (panel a) and mean width 〈σV 〉 (panel b) for fragments from ﬁssion of 240Pu (blue lines and dots) and
250Cf (red lines and squares). Both quantities are shown in the reference frame of the corresponding ﬁssioning system.
number ZFS , the average characteristics of each fragment Z1 are correlated with those of its partner Z2 = ZFS − Z1.
The conservation of momentum can be then expressed as: 〈VγA∗〉 (Z1) = 〈VγA∗〉 (Z2 = ZFS − Z1).
The analysis of the measured fragments shows that 〈VγA∗〉(Z) can be approximated to 〈Vγ〉(Z)〈A∗〉(Z) with a
relative error smaller than 0.4%. In addition, a detailed simulation of the isotropic neutron evaporation by fragments
conﬁrms that its eﬀect on their velocity is smaller than 0.15%. These approximations allow us to use the momentum
conservation with the measured velocities averaged for each fragment Z: 〈Vγ〉(Z1)〈A∗〉(Z1) = 〈Vγ〉(Z2)〈A∗〉(Z2). From
this relation, the average masses at scission can be deduced, knowing the mass of the ﬁssioning system AFS :
〈A∗〉(Z1) = AFS
(
1 + 〈Vγ〉(Z2)〈Vγ〉(Z1)
)−1
; 〈A∗〉(Z2) = AFS − 〈A∗〉(Z1). (2)
Neutron evaporation before ﬁssion is evaluated with the code GEF [Schmidt and Jurado (2012)], taking into account
the excitation energy and the angular momentum of the produced 240Pu and 250Cf. The pre-ﬁssion neutron evaporation
from 240Pu at an excitation energy of 〈E∗〉 =9 MeV is found to be negligible. In the case of 250Cf, an average angular
momentum of L = 20 and E∗ = 45 MeV results in a ﬁssioning mass of AFS = 249.5 with a ±0.3 uncertainty
emerging from the description of the angular momentum distribution. In both cases, the neutron evaporation from
saddle to scission, including evaporation from the neck at scission, is neglected.
4. Potential energy at scission
The properties of the total kinetic energy TKE of fully accelerated fragments are determined by the conﬁguration
of the system at scission and the following neutron evaporation. The total kinetic energy after neutron evaporation is
calculated as: TKE(Z1) = m0〈A〉(Z1) (〈γ〉(Z1) − 1) + m0〈A〉(Z2) (〈γ〉(Z2) − 1). By using the fragment masses recon-
structed at scission, it is possible to calculate the potential energy PE, which keeps the information on the scission
conﬁguration without the inﬂuence of neutron evaporation:
PEexp(Z1) = m0〈A∗〉(Z1) [〈γ〉(Z1) − 1] + m0〈A∗〉(Z2) [〈γ〉(Z2) − 1] . (3)
Figure 3 shows the PE for 240Pu at E∗ ∼ 9 MeV and for 250Cf at E∗ ≈ 45 MeV. Assuming that the PE is mainly
produced by the Coulomb repulsion of both fragments, it can be expressed following the prescription of Wilkins et al.
(1976) as:
PEW (Z1) = 1.44 Z1Z2D ; D = r0(A
∗
1)
1/3
(
1 + 23β1
)
+ r0(A∗2)
1/3
(
1 + 23β2
)
+ d, (4)
where D is the distance between fragment centres, expressed in terms of r0, the nucleon radius, βi, the quadrupole
deformation of fragment i, and d, which is the distance between the surfaces of the fragments, also associated with
the neck length.
The eﬀect of nuclear structure in the fragments deforms the PE expected from a liquid drop behaviour. The
appearance of compact conﬁgurations enhances the PE by means of Coulomb repulsion. In the case of 240Pu, Figure
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Fig. 3. The potential energy PE at scission is shown in panel a) for 240Pu and panel b) for 250Cf. The red lines correspond to the PEW calculated
with the prescription of Wilkins et al. (1976), with constant deformation and neck parameters. See text for details.
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Fig. 4. (Color online) Deduced deformation β (a) and neck length d (b) parameters for fragments from ﬁssion of 240Pu (blue lines and dots) and
250Cf (red lines and squares).
3 compares the experimental PEexp with a PEW with constant deformation and neck parameters: β = 0.625, and
d = 2.5 fm in the case of 240Pu and d = 2.75 fm in the case of 250Cf. The diﬀerence between the measured PEexp
and the calculated PEW around Z ∼ 50 in 240Pu is associated with compact conﬁgurations produced by the nuclear
structure of the fragments. In the case of 250Cf, a good agreement between PEexp and PEW with constant deformation.
4.1. Deformation and neck length at scission
In general, the three parameters β1(Z1), β2(Z2), and d(Z1) are functions of the fragment split, and thus, being three
parameters per Z, the information on PE(Z) alone is not enough to determine their values. However, under certain
assumptions, it is possible to estimate these parameters and their evolution. In a ﬁrst approximation, β and d are
assumed to change smoothly around each Z. Under this assumption, a set of parameters for each Z is deduced from a
ﬁt of Eq. 4 to the PEexp of fragment Z and its immediate neighbors. In a simpliﬁed way:
{β1, β2, d}(Z)⇒ min
⎡⎢⎢⎢⎢⎢⎢⎣
Z+2∑
Z−2
(
PEexp − PEW
εexp
)2 ⎤⎥⎥⎥⎥⎥⎥⎦ , (5)
with εexp as the error of PEexp. This approximation was tested with simulated PE, and a precision of δβ < 0.2 was
found in average. The resulting sets of {β1, β2, d}(Z) were reﬁned by recalculating d(Z) from the ﬁtted βi and the
experimental PEexp:
d(Z1) = 1.44
Z1Z2
PEexp
− r0 (A∗1)1/3
(
1 +
2
3
β1
)
− r0 (A∗2)1/3
(
1 +
2
3
β2
)
. (6)
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Figure 4 shows the resulting β(Z) and d(Z) for both ﬁssioning systems 240Pu and 250Cf. Concerning the deformation
β, there is a clear diﬀerence in the behaviour of each system. In the case of 240Pu, with E∗ ∼ 9 MeV, pronounced
maxima and minima are found, revealing the inﬂuence of the nuclear structure in the nascent fragments, producing
less deformed fragments around Z ∼ 50 and Z ∼ 40. It is important to note the limitations of this method: the PE has
strong variations around Z ∼43, 47, and 52, where the assumption of a smooth behaviour of {β1, β2, d} (Eq. 5) is likely
not fulﬁlled. Therefore, in the case of 240Pu, only the coarse features of the extracted β(Z) and d(Z) are a reliable
indication of the existence of compact systems at scission. In the case of 250Cf, the behaviour of β(Z) is smoother than
that of 240Pu due to the higher E∗ gained in the fusion reaction. However, the heavy fragments show a less elongated
shape than the light ones.The average neck length d for 240Pu at E∗ ∼ 9 MeV is around 0.8 fm shorter than that of
250Cf. The features found in the behaviour of d, particularly the oscillations observed in 240Pu, are produced by the
mentioned limitations of the ﬁtting method.
4.2. Distance between fragments at scission
The distance between the centre of fragments at scission D can be deduced from the experimental PEexp and the
deduced masses before neutron evaporation:
D = 1.44
Z1Z2
PEexp
(7)
Figure 5 shows, for both ﬁssioning systems, the ratio between D and the distance D0 between touching spherical
fragments: D0 = r0(A∗1)
1/3 + r0(A∗2)
1/3. The eﬀect of nuclear structure can be observed in the case of 240Pu, where
compact systems are produced around Z ∼ 50 while, in the case of 250Cf, the higher excitation energy washes any
discernible structure and a roughly constant elongation is present along the full Z range.
The stability of the distance D aﬀects the distribution of the velocities of the fragments. More speciﬁcally, the
width of these velocities in the reference frame of the ﬁssioning system σV are the convolution of three components:
σ2V = ε
2
V + σ
2
(V,ν) + σ
2
(V,D), where εV corresponds to the error on the measurements, σ(V,ν) to the spread due to the
neutron evaporation, and σ(V,D) to the variation of the velocity due to the distance D. The spread due to the neutron
evaporation was evaluated with a simulation where neutrons were isotropically emitted in the reference frame of the
fragments. Their multiplicities were retrieved from the diﬀerence between the measured masses and those deduced at
scission for each fragment Z. The error on the velocity measurement εV is calculated as a function of Z. The standard
variation σ(V,D) can be calculated with these quantities and the measured σV . The relation between the deduced σ(V,D)
and the variation of the distance σD can be obtained from Eq. 7:
σD = 1.44 Z1Z2
∂
∂V
(
1
PEexp
)
σV,D = 1.44 Z1Z2
∂
∂V
(
1
m0A∗1(γ1 − 1) + m0A∗2(γ2 − 1)
)
σV,D (8)
Applying momentum conservation, A∗1(Vγ)1 = A
∗
2(Vγ)2, and mass conservation at scission, A
∗
2 = AFS − A∗1, Eq. 8 can
be written as:
σD = 1.44
Z1Z2
(PEexp)2
· A∗1 ·
V1/c
(1 − (V1/c)2)3/2
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣1 +
A∗1
AFS − A∗1
(Vγ)1
c
V1/c + 2γ1(1 − γ−11 )−1/2(
A∗1
AFS−A∗1
(Vγ)21
c2 + 1
)1/2
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ · σ(V,D) (9)
Figure 5 shows the resulting σD for both ﬁssioning systems. In general, 240Pu ﬁssion with E∗ ∼9 MeV has a larger
variance σD than that of 250Cf with 45 MeV. Note that the big oscillations around symmetry in 240Pu are a likely
consequence of the low statistics in this region. More in detail, the variance of D has a value of σD ∼ 1 fm in both
systems for Z > 52, where elongated conﬁgurations are expected, while σD seems to increase slightly for fragments
of 240Pu around Z ∼ 50, where compact conﬁgurations are found, according to D/D0. This would indicate that the
variance σD is another observable sensitive to structure eﬀects on the ﬁssion fragments.
5. Summary and outlook
The measurement of the velocity of isotopically-identiﬁed ﬁssion fragments allows the access to properties of the
system conﬁguration at scission. In this work, the analysis is applied to fragments from ﬁssion of 240Pu, produced
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Fig. 5. (Color online) Panel (a): Ratio between the distance between centres of ﬁssion fragments at scission D with respect to the distance between
centres assuming spherical shape D0. Panel (b) Standard variation of the distance D at scission. In both panels, blue lines and dots correspond to
ﬁssion of 240Pu while red lines and squares correspond to ﬁssion of 250Cf.
with E∗ ∼ 9 MeV via transfer reactions, and 250Cf, from fusion reactions with E∗ ≈ 45 MeV. Both systems were
produced and measured in inverse kinematics. From the analysis of the measured velocities in the reference frame
of the ﬁssioning systems, the potential energy, the distance between the fragments, and the deformation and neck
parameters were deduced at the scission point. These observables have diﬀerent levels of sensitivity to the structure
eﬀects on the ﬁssion process. Particularly, in the case of 250Cf, where the high excitation energy is expected to make
structure eﬀects vanish, the deformation parameters at scission point to more compact heavy fragments. A following
experiment eﬀort was performed with the same technique in inverse kinematics to produce more ﬁssioning systems
and excitation energies. The ongoing study of the observables presented in this work in this new data set, will clarify
and characterize the possible persistence of structure eﬀects as a function of the properties of the ﬁssioning system.
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